In this work, an HPLC-based detection method for identification of coffee powder adulterated with roasted barley, wheat and rice powders was developed by using various chemical indices such as monosaccharides (mannose, rhamnose, glucose, galactose, xylose and arabinose), trigonelline and nicotinic acid. As a quality assurance, the recovery efficiencies were 84.1%-90.2% for the monosaccharides, 113.6% for trigonelline and 114.9% for nicotinic acid. The limits of detection were 0.047-0.070 mmol kg À1 for the monosaccharides, 0.209 mg kg À1 for trigonelline and 0.117 mg kg À1 for nicotinic acid. The glucose concentration in coffee samples adulterated with roasted barley, wheat and rice at 99:1 (w/w) mixing ratio was significantly different from the control coffee sample. The limit of discrimination from adulterated coffee samples was 1% (w/w) when glucose was used as a chemical index (P < 0.05).
Introduction
Coffee is one of the most popular beverages, and its consumption has increased rapidly. However, a shortage of coffee beans has given rise to mixing pure ground coffee with coffee adulteration materials, such as spent coffee grounds, coffee berry skin, roasted barley, corn, seeds, twigs and other grains (Jham et al., 2007; Oliveira et al., 2009; Domingues et al., 2014; Pauli et al., 2014; Thorburn Burns et al., 2017) . Coffee was reported to be one of the top ten products having a risk of food fraud in the United States Pharmacopeia (USP) Convention (Database, 2013) . Consumption of coffee in the Korean domestic market increases rapidly every year. However, the coffee beans are entirely dependent on import from other countries (Kang & Na, 2004) .
To date, very little information on analytical methods to detect adulterated coffee is available. Pauli et al. (2014) and Thorburn Burns et al. (2017) analysed the profiles of ground roasted coffee adulteration, applying roasted soybean and wheat as sources of fraud, using high-performance anion-exchange chromatography. Based on the results, glucose was considered a suitable marker for wheat adulteration, and fructose for soybean, respectively. The particular steps of the coffee preparation process vary depending on the coffee type and raw materials, but the fundamental steps involve the roasting and grinding of the raw coffee beans, followed by extraction of the soluble materials in boiling water. Coffee adulteration is usually carried out after roasting and grinding because of the dark colour and oily texture of coffee (Reis et al., 2013) . The colour and particle size of roasted adulterated materials are difficult to distinguish from those of coffee by the unaided eye.
There are many kinds of chemical indices to detect adulteration of coffee, such as monosaccharides, amino acids, lipids and bioactive (Jham et al., 2007; Oliveira et al., 2009; Domingues et al., 2014; Pauli et al., 2014) Trigonelline, one of the chemical indices, exists specifically in coffee as a bioactive substance. During the roasting process, trigonelline suffers thermal degradation, generating a series of volatile compounds (Trugo & Macrae, 1984) . Demethylation of trigonelline during coffee roasting results in the formation of nicotinic acid, a water-soluble B vitamin, also known as niacin (Adrian & Frangne, 1991) . Hence, analytical measurement of trigonelline and nicotinic acid could be useful to detect coffee fraud.
In addition, there many other techniques which can successfully determine ground roasted coffee adulteration such as DNA-based molecular biology methods, chromatographic HPLC, GC-MS, electrophoretic, digital imaging and spectroscopic (micro Raman, UV-Vis, FTIR, Mid and Near infrared) methods (Thorburn Burns et al., 2017) . Spaniolas et al. established a molecular genetic approach to quantify adulteration of Arabica with Robusta beans (Spaniolas et al., 2006) . In another study, near-infrared spectroscopy was successfully applied for identification and quantification of the fraudulent addition of barley in roasted and ground coffee samples (Ebrahimi-Najafabadi et al., 2012) . Common methods used for the determination of coffee adulteration include high-performance liquid chromatography (HPLC) with fluorescence detection, ultraviolet adsorption (UV), diode array detection and mass spectrometry (Ebrahimi-Najafabadi et al., 2012; Domingues et al., 2014; Cai et al., 2016) .
In this study, coffee models were prepared by mixing various ratios (100:0, 99:1, 98:2, 97:3, 96:4, 95:5, 90:10, 80 :20 and 0:100%, w/w) of coffee with three different fraud substances, including barley, wheat and rice. These cereals have a high domestic consumption in Korea and are less expensive relative to other grains; hence, their potential use as contaminants is high. Eight chemical indices, including mannose, rhamnose, glucose, galactose, xylose, arabinose, trigonelline and nicotinic acid, were employed for detection of coffee adulteration by HPLC-UV.
Materials and methods

Chemicals and reagents
Mannose, rhamnose, glucose, galactose, xylose, arabinose, D-talose, 1-phenyl-3-methyl-5-pyrazolone (PMP), trigonelline, nicotinic acid, magnesium oxide and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid (HCl) solution was procured from Samchun Co. (Seoul, Korea). HPLC grade water, methanol, acetonitrile, acetic acid and chloroform were bought from J.T. Baker (Philipsburg, NJ, USA).
Sampling and sample preparation
Green coffee beans (Coffea arabica, produced in Brazil) were purchased from a commercial market in Seoul, South Korea. Barley and rice, as food fraud materials, were bought from a local market in Seoul, South Korea. Imported wheat from Canada was obtained from a local market in Seoul. Coffee, barley, wheat and rice (200 g) were roasted at 240°C for 15 min using a commercial roaster (CRB-101A, Gene Caf e, Seoul, Korea). Each sample was finely ground for 1 min, by using an electric grinder Hanil, Korea) . Then, each sample was passed through a 30-60 mesh sieve, to obtain powders with fixed size particles. Coffee models were prepared, by mixing pure ground coffee and the various powdered adulterants at different mixing ratios (coffee: food fraud, 100:0, 80:20, 90:10, 95:5, 96:4, 97:3, 98 :2, 99:1 and 0:100% w/w). All samples were prepared in triplicate and stored in clean vials at À80°C, until HPLC analysis.
Analysis of monosaccharides in coffee samples
The monosaccharides in coffee were hydrolysed based on the International Organisation for Standardisation (ISO) 11292 method (2017), with a slight modification. The coffee sample (0.3 g) was weighed in a 20-mL vial. Next, 5 mL of HCl (1.0 M) was added, followed by heat treatment in a water bath at 80°C for 180 min. After filtration through Whatman No. 2 paper, each solution was passed through a preconditioned cartridge (Sep Pak C18, Agilent, USA) in a 5-mL volumetric flask and made to volume with HPLC grade water.
The monosaccharides were derivatised with 1-phenyl-3-methyl-5-pyrazolone (PMP), as described previously (Lv et al., 2009) , with appropriate modification. The hydrolysed sample (100 lL) or monosaccharide standard mixture (100 lL) was mixed with 100 lL NaOH (0.6 M). The mixture (50 lL) was placed in a 5 mL V-vial with lid, followed by addition of 0.5 M methanolic solution (50 lL) of PMP and vortexed for 1 min. The mixture was heated at 70°C for 100 min, in a thermos-hygrostat (Trugo et al., 1983) . The reaction mixture was terminated by cooling to room temperature and was neutralised with 50 lL of HCl (0.3 M). Water and chloroform (1.0 mL each) were added to the mixture solution, and the mixture was vortexed thoroughly. The chloroform layer was discarded, and the liquid-liquid extraction process was conducted in triplicate. The aqueous layer was filtered through a 0.45-lm membrane for HPLC analysis. The hydrolysates and standard samples were derivatised simultaneously under the same conditions.
The PMP-derivatised monosaccharides were quantified by using an HPLC system (Agilent 1200 series, Agilent Technologies, Waldbronn, Germany). The separation was achieved on a Zorbax Eclipse XDB-C18 column (250 mm 9 4.6 mm, 5 lm; Agilent Technologies, Palo Alto, CA, USA) at ambient temperature (30°C) with UV detection at 245 nm. The analysis was run in an isocratic mode, with mobile phases of 0.1 M sodium phosphate buffer, pH 6.7 (solvent A) and acetonitrile (solvent B), at 83:17 ratio, with a flow rate of 1 mL min À1 . The injection volume was 10 lL.
Analysis of trigonelline and nicotinic acid in coffee
Determination of trigonelline and nicotinic acid involved a slightly modified procedure of Trugo et al. (1983) . Each sample (0.10 g on a dry weight basis) was placed in a 50-mL capped tube with 0.10 g magnesium oxide. The mixture was dissolved in HPLC grade water (15 mL) and then shaken vigorously. The tube was autoclaved at 105°C for 20 min. The extracted solution was filtered through a 0.45-lm pore membrane filter, for analysis by HPLC apparatus (Agilent Model 1200 series, Agilent Technologies, Waldbronn, Germany), equipped with a Zorbax Eclipse XDB-C18 column (250 mm 9 4.6 mm, 5 lm). The mobile phases were 10 mM acetic acid, pH 5.3 (solvent A) and methanol (solvent B). The solvents were prepared by filtering, degassing and sonication. The elution gradient was operated using 65% solvent A for 0-15 min and 100% solvent B for 15-20 min. The injection volume was 10 lL, and the flow rate was 1 mL min À1 . Trigonelline and nicotinic acid were detected at 263 nm.
Validation of the analytical methods for coffee adulterated materials
In this study, the markers included six monosaccharides (mannose, rhamnose, glucose, galactose, xylose and arabinose), trigonelline and nicotinic acid. Linearity, determined by the coefficient of determination (R 2 ), limit of detection (LOD), limit of quantitation (LOQ), recoveries and precision (RSD, %) tests were conducted for the validation of the analytical method. Linearity (R 2 ) was evaluated with the calibration curves of each marker at six concentration levels of 1, 5, 10, 50, 100 and 500 mg kg
Àl for trigonelline and nicotinic acid and 0.5, 1, 2, 5, 10 and 20 mmol kg À1 for the monosaccharides, respectively. The LOD and LOQ were obtained by 3.14 9 sigma (r)/slope factor and 10 9 r/slope factor of the calibration curves, respectively. Sigma (r) was calculated by the standard deviation of the y-intercept of seven specific calibration curves, each constituted by three concentration levels. Recoveries were obtained by spiking 10 lL of trigonelline/nicotinic acid mixture and 30 lL of the monosaccharides mixture. Interand intraday (RSD, %) precisions were evaluated, as described by Dai et al. (2010) . 
Statistical analysis
All results are the means of triplicate treatments for each experiment, and the data are expressed as mean AE standard deviation. Differences between groups were analysed using analysis of variance (ANOVA) and Duncan's multiple range test, with statistical significance set at P < 0.05. Statistical analyses were performed by IBM SPSS Statistics 21 (IBM, Chicago, USA).
Results and discussion
Validation of the analytical method for standard materials
In Fig. 1 , the chromatogram reveals the monosaccharide standards (mannose, talose, rhamnose, glucose, galactose, xylose and arabinose) were detected within 40 min, and each peak was well resolved. The validation results are summarised in Table 1 . For the monosaccharides, the linearity (R 2 ) of the standard curve used for quantitative analysis ranged from 0.9998 to 0.9999, the LOD ranged from 0.047 (arabinose) to 0.070 mmol kg À1 (xylose), the LOQ ranged from 0.150 to 0.222 mmol kg À1, and the recovery efficiency ranged from 84.1% to 90.2%. Precision was determined from inter-and intraday (RSD, %) tests. The inter-and intraday precisions for the monosaccharides method ranged from 0.5% to 11.0% and from 4.1% to 9.9%, respectively. The chromatogram of trigonelline and nicotinic acid is displayed in Fig. 1b , and the validation data are provided in Table 1 for trigonelline and nicotinic acid, and the LOQs were 0.667 and 0.361 mg kg À1 , respectively. The recovery efficiency was 113.6% for trigonelline and 114.9% for nicotinic acid. The inter-and intraday precisions of the methods were 2.1% and 3.4% for trigonelline and 6.6% and 9.9%, for nicotinic acid, respectively.
Analysis of chemical indices in coffee
The concentrations of the eight chemical indices in the coffee were 10.55, 1.54, 1.12, 11.75, 0.39 and 7.42 lmol g À1 , for mannose, rhamnose, glucose, galactose, xylose and arabinose, and 9199.03 and 179.62 mg kg À1 for trigonelline and nicotinic acid, respectively (Table 2 ). In comparison, the concentration of the monosaccharides such as mannose, glucose, galactose, xylose and arabinose in barley (100%) were 0.66, 99.64, 0.35, 6.15 and 4.09 lmol g À1 , respectively. Rhamnose, trigonelline and nicotinic acid were not detected in the roasted barley. Barley contained 100 times more glucose than coffee. The discrimination limit for the coffee model system with barley was 1% (w/w), using glucose (P < 0.05). The remaining monosaccharides (mannose, rhamnose, galactose, xylose and arabinose) could be used as chemical indices for discriminating coffee adulterated with more than 2% roasted barley (P < 0.05). A previous study allowed for the detection of roasted coffee samples tainted with as low as 1% (w/w) roasted barley, using volatile compounds (Oliveira et al., 2009) . a Linear ranges were measured for six concentrations (0.5, 1, 2, 5, 10 and 20 mmol L Àl ). b LOD = 3.14 9 SD/slope (mmol kg À1 ).
c LOQ = 10 9 SD/slope (mmol kg À1 ). d Linear ranges were measured for six concentrations (1, 5, 10, 50, 100 and 500 mg kg À1 ). ).
All values are shown as mean
Different superscript letters indicate significant differences in the means, according to Duncan's test (P < 0.05).
N.D., not detected. Table 3 shows the chemical indices in coffee samples with wheat adulteration. The concentrations of the monosaccharides (mannose, glucose, galactose, xylose and arabinose) in wheat (100%) were 0.47, 96.95, 1.15, 13.32 and 10.20 lmol g À1 , respectively. As previously reported, pure wheat contains a high glucose level due to hydrolysis of part of the starch, with some xylose and arabinose, derived from the hydrolysis of the arabinoxylans present in the cell wall of wheat, as the characteristic carbohydrates . Again, as observed for the coffee with barley, rhamnose, trigonelline and nicotinic acid were not detected in the roasted wheat. The advantage of our study is lower discrimination limit compared with the previous ones. The discrimination limit of the coffee sample with wheat was 1%, using rhamnose and glucose (P < 0.05). Glucose was used as the chemical index for 14% mixed wheat by Garcia et al. (2009) . Mannose, galactose and trigonelline were determined to detect 2% of discrimination limit as chemical indices. In the coffee sample with wheat, eight chemical indices could be successfully used to discriminate contaminants in the adulterated coffee containing more than 20% adulterant composition. Elsewhere, the discrimination limit was 17% using six kinds of monosaccharides .
In Table 4 , the levels of chemical indices in coffee samples with rice as the adulterant were displayed. The concentrations of the four monosaccharides such as mannose, glucose, xylose and arabinose in rice (100%) were 0.71, 96.79, 1.21 and 0.37 lmol g À1 , respectively. The level of glucose in coffee adulterated with 1% rice was significantly different from the pure coffee (100%). Therefore, in coffee contaminated with rice, the discrimination limit was 1%, using glucose (P < 0.05). A 2% discrimination limit could be detected using mannose, galactose, trigonelline and nicotinic acid. Cai et al. (2016) identified the composition of seventeen oligosaccharides as markers for rice and soybean adulterants in ground coffee, by ultrahigh-performance liquid chromatography-high-resolution mass spectrometry, and the discrimination limit was 5% (w/w).
Conclusion
In this work, an HPLC-based detection method for identification of coffee powder adulterated with barley, wheat and rice powders was developed, by using various chemical indices. The analytical methods for these chemical indices were validated comprehensively. It was found that glucose could be the best of those examined predominant chemical index to distinguish pure coffee from coffee adulterated with barley, wheat and rice contaminants. Compared to the previous studies in this study, significant lower discrimination limit was obtained. The discrimination limit of the coffee sample with wheat was 1%, using rhamnose and glucose (P < 0.05).
